The assembly of nucleosomes by histone chaperones is an important component of transcriptional regulation. Here, we have assessed the global roles of the HIRA histone chaperone in Schizosaccharomyces pombe. Microarray analysis indicates that inactivation of the HIRA complex results in increased expression of at least 4% of fission yeast genes. HIRA-regulated genes overlap with those which are normally repressed in vegetatively growing cells, such as targets of the Clr6 histone deacetylase and silenced genes located in subtelomeric regions. HIRA is also required for silencing of all 13 intact copies of the Tf2 long terminal repeat (LTR) retrotransposon. However, the role of HIRA is not restricted to bona fide promoters, because HIRA also suppresses noncoding transcripts from solo LTR elements and spurious antisense transcripts from cryptic promoters associated with transcribed regions. Furthermore, the HIRA complex is essential in the absence of the quality control provided by nuclear exosome-mediated degradation of illegitimate transcripts. This suggests that HIRA restricts genomic accessibility, and consistent with this, the chromosomes of cells lacking HIRA are more susceptible to genotoxic agents that cause double-strand breaks. Thus, the HIRA histone chaperone is required to maintain the protective functions of chromatin.
Chromatin restricts the access of the transcription machinery to the DNA template, and as a result, modulation of chromatin structure is central to eukaryotic transcriptional control. Two major mechanisms by which changes to chromatin structures can be achieved are posttranslational modification of histones (42) and ATP-dependent nucleosome remodeling (6) . In addition, it is becoming increasingly apparent that chromatin structures are also modified by a diverse group of proteins known as histone chaperones that facilitate the assembly and, in some cases, the disassembly of nucleosomes (12) .
The bulk of nucleosome assembly is coupled to DNA replication via the action of replication-dependent histone chaperones, such as CAF-1 (43) . However, other DNA-dependent processes, such as transcription initiation and elongation, can result in nucleosome displacement, and so the requirement for nucleosome assembly is not restricted to S phase. Accordingly, eukaryotic cells possess a repertoire of replication-independent histone chaperones, which include an evolutionarily conserved class of WD repeat protein called HIRA (or HIR) (12) . Humans have a single HIRA protein (23) , whereas budding and fission yeast cells have two related proteins that function in concert (Hir1 and Hir2 in Saccharomyces cerevisiae and Hip1 and Slm9 in Schizosaccharomyces pombe) (4, 19, 44) . HIRA proteins are components of multisubunit complexes and these complexes purified from a number of cell types have been shown to mediate replication-independent nucleosome deposition in vitro (15, 35, 38, 46) .
Histone chaperone-dependent removal and replacement of nucleosomes have emerged as important components of transcriptional control (48) , and accordingly, HIRA complexes have been linked to transcription. Indeed, S. cerevisiae Hir1 and Hir2 were originally identified as factors that repress the transcription of histone genes outside S phase (44) . Subsequently, it has been demonstrated that nucleosomes assembled by the S. cerevisiae HIR complex are refractory to remodeling by the SWI/SNF complex in vitro (35) , indicating that this chaperone is capable of organization of repressive forms of chromatin. Consistent with this, HIRA proteins have also been implicated in assembly of heterochromatin and silencing in a range of organisms. Loss of either HIRA protein in fission yeast leads to defective pericentric and mat locus heterochromatin (4) , and mutations in S. cerevisiae HIR genes exacerbate the silencing defects associated with inactivation of CAF-1 (20, 37, 40) . The assembly of senescence-associated heterochromatin in human cells is also dependent upon HIRA (49) , and HIRA is required for maintenance of knox gene silencing during organogenesis in Arabidopsis (34) . Despite these findings, other evidence is consistent with positive roles for HIRA in transcription. Experiments with chicken DT40 cell lines suggest that the N-terminal domain of HIRA can function as an activator (2) , and HIRA is implicated in the replication-independent deposition of the histone variant H3.3, which marks actively transcribed genes (3) . Furthermore, genetic interactions have also suggested that HIRA complexes are involved in transcription elongation (13) .
Here, we have assessed the role of the S. pombe HIRA complex in the global regulation of transcription. We find that deletion of hip1 ϩ or slm9 ϩ leads to upregulation of mRNA from a large number of genes, indicating that the HIRA complex plays an important role in suppression of transcription. HIRA targets overlap with silenced genes, and consistent with this, we demonstrate that HIRA represses the expression of all intact copies of the Tf2 long terminal repeat (LTR) retrotransposable element. Furthermore, HIRA also suppresses the production of noncoding transcripts from solo LTR elements and spurious antisense transcripts originating from cryptic promoters. In addition, we also find that the HIRA complex protects cells from agents that cause double-strand breaks. Thus, the HIRA complex is required for promoter silencing, suppression of antisense transcription, and maintenance of genomic integrity.
MATERIALS AND METHODS
Plasmids and strains. Culture of S. pombe and general genetic methods were performed as described previously (29) . A strain with a lacZ reporter integrated into Tf2-1 was constructed as follows. A DNA fragment was amplified by PCR using primers Tf2REPC (5Ј-GCATAGGAATTCTAGTACATCGCTATTCAC CAG-3Ј) and Tf2REPD (5Ј-GCATTGGGATCCAATTGCTTTGTCCGCTTG TAG-3Ј) and cloned into the EcoRI and BamHI sites of pSPI356 (22) to give pSPI356Tf2CD. A second DNA fragment, containing the Tf2-1 5Ј LTR, was amplified using primers Tf2REPA (5Ј-GCATAGGGATCCTGTCAGCAAT ACTACACTACG-3Ј) and Tf2REPB (5Ј-GCATAGCTGCAGGGAGTAAT TCTTGCCATGTAAG-3Ј) and cloned into the PstI and BamHI sites of pSPI356Tf2CD. Following confirmation of the sequence, the resulting plasmid was linearized with BamHI and transformed into wild-type (NT5) S. pombe cells. Integration at the correct locus was confirmed by PCR. The Tf2-10 element was tagged in the same way. The remaining Tf2 elements were tagged using the same approach, except that primer Tf2REPA was replaced with a primer complementary to a sequence located 300 to 500 bp upstream of the 5Ј LTR of the appropriate Tf2 element.
A Tf2-1 lacZ reporter was also integrated into an ectopic locus on chromosome II (base pairs 1877855 to 1878381). This was achieved by amplifying two DNA fragments, the first with ChrmIIA (5Ј-TATGTCGAGGATCCTGTAACC GTTTAGATTGCAGC-3Ј) and ChrmIIB (5Ј-GTACTACTGCAGTTGTTACT GTTGTGTAGAGCC-3Ј) and the second with ChrmIIC (5Ј-CCTAGAGAATT CCAACTAACCGTAATACATCGG-3Ј) and ChrmIID (5Ј-CGGTTACAGGA TCCTCGACATAACACTTGCAAGTG-3Ј). These fragments were used as the template in an overlapping PCR with primers ChrmIIC and ChrmIIB, and the resulting DNA fragment was cloned into the EcoRI and PstI sites of pSPI356 to give pSPI356ChrmIICDAB. A fragment of Tf2-1 was amplified using Tf2REPB and Tf2(A)PstI (5Ј-CGATAGCTGCAGGTCAGCAATACTACACTACGC-3Ј), cleaved with PstI, and cloned into the PstI site of pSPI356ChrmIICDAB. The resulting plasmid was linearized with BamHI and transformed into wild-type S. pombe cells. Integration at the correct locus was confirmed by PCR. A strain carrying a solo LTR-lacZ reporter was constructed using the same approach, except that the Tf2REPB primer was replaced with LTR3Јdel349 (5Ј-CGAAT CCTGCAGGCATTGTAAGCTACGCAGTTTGGTA-3Ј). All lacZ reporters were introduced into the hip1⌬ background by using standard genetic crosses. The other strains used in this study were 972 (h ). Microarray analysis. We used DNA microarrays displaying probes for Ͼ99% of all known and predicted genes of S. pombe spotted in duplicate onto glass slides. RNA extraction, hybridization, and initial data processing and normalization were performed as previously described (24) . Four independent biological experiments were performed, including two dye swaps, for each mutant. The data were visualized and analyzed using GeneSpring GX7.3 (Agilent). The significance of overlaps between different gene lists was calculated with GeneSpring by using a standard Fisher exact test, and P values were adjusted with a Bonferroni multiple-testing correction. An average mutant/wild-type ratio was calculated for each gene, and cutoff values of 1.5-fold were used for comparisons between mutants. Gene annotations were downloaded from the S. pombe GeneDB (http: //www.genedb.org/genedb/pombe/). Clustering along chromosomes of genes with induced expression was analyzed using an in-house Perl script which compares clustered genes to a random distribution. P values were adjusted for multiple testing using the Benjamini-Hochberg false-discovery-rate method.
Telomere length. Telomere length measurements were performed as previously described (10) . A probe for telomere repeat sequences was made with a SacI-PstI fragment from pJCF1640 (27) . A probe that was used as a loading control was made by PCR amplifying a fragment by using primers ApaIF (5Ј-C GTGATAGTGCATTGACGATC-3Ј) and ApaIR (5Ј-CCATCTTGCATGGCA CGCTTC-3Ј).
RT-PCR. RNA was purified as described for microarray analysis and subjected to reverse transcription-PCR (RT-PCR) using a one-step RT-PCR kit (Qiagen). For strand-specific RT-PCR, one primer complementary to the sense or antisense transcript was added during first-strand cDNA synthesis while the second primer was added prior to the PCR amplification steps. The primers were as previously described (30) . cDNA for quantitative (real-time) RT-PCR was made using a Superscript II kit (Invitrogen). Real-time PCRs were performed using a LightCycler 2.0 PCR system (Roche) and SYBR green mixture (Molecular Probes), using the appropriate primers. Reactions were normalized using primers specific to act1 ϩ . Pulsed-field gel electrophoresis (PFGE). DNA plugs were prepared as described previously (36) . DNA was fractionated on 1% ultrapure DNA grade agarose (Bio-Rad) gel prepared in 1ϫ Tris-acetate-EDTA by using a CHEF-DR III system (Bio-Rad). Gels were run for 48 h at 14°C at a voltage of 2 V cm Microarray data accession number. The microarray data set is available at Array Express (E-MTAB-130).
RESULTS

The HIRA complex is a global suppressor of transcription.
We have previously demonstrated that the S. pombe HIRA proteins Hip1 and Slm9 interact with a structurally unrelated protein called Hip3 to form a complex that is required for heterochromatic transcriptional silencing (16) . In order to determine whether the HIRA complex regulates transcription in euchromatin, the RNA expression profiles of hip1⌬ and slm9⌬ cells were compared with those of wild-type cells by using microarrays detecting Ͼ99% of all known or predicted open reading frames and other genomic elements (24) . As expected, the genes that were found to be differentially expressed in hip1⌬ and slm9⌬ cells were highly correlated (P Ͻ 3 ϫ 10 Ϫ243 ) ( Fig. 1A ; see also Table S1 in the supplemental material). A total of 195 mRNAs were found to be commonly upregulated Ն1.5-fold in hip1⌬ and slm9⌬ mutants, suggesting that the HIRA complex suppresses transcription from a large number of RNA polymerase II promoters. We observed a significant overlap (P Ͻ 6 ϫ 10 Ϫ33 ) between genes upregulated in hip1⌬ and slm9⌬ mutants and genes known to be derepressed in a clr6-1 background, which harbors a point mutation in an essential class I histone deacetylase (HDAC) (17) . Clr6 functions as the catalytic core of an S. pombe HDAC-Sin3 corepressor complex, which is targeted to the promoters of numerous genes (30) .
The functional overlap with the Clr6 HDAC suggested that the HIRA complex regulates genes whose expression is repressed under normal growth conditions. Indeed, the transcriptomes of HIRA mutants were significantly enriched for mRNAs with no measurable microarray signal in vegetative cells (P Ͻ 1 ϫ 10 Ϫ8 ) (unpublished data) and for the 10% most lowly expressed mRNAs (P Ͻ 1 ϫ 10 Ϫ9 ) (21) . Consistent with these data, transcripts from Tf2 LTR retrotransposons (which are largely suppressed in wild-type cells) were greatly increased VOL. 29, 2009 HIRA SUPPRESSES CRYPTIC TRANSCRIPTION 5159
on July 1, 2017 by guest http://mcb.asm.org/ in hip1⌬ and slm9⌬ backgrounds. Also, many of the silenced genes located in subtelomeric regions of chromosomes I and II (47) were upregulated in the absence of HIRA (Fig. 1B) , and analysis of the location of HIRA-repressed genes confirmed that they are enriched for subtelomeric genes (P Ͻ 1 ϫ 10 Ϫ7 ). Overall, our results indicate that the HIRA complex is important for the global maintenance of transcriptional silencing.
Further examination of gene expression patterns revealed a significant overlap (P Ͻ 3 ϫ 10 Ϫ49 ) between genes upregulated in hip1⌬ and slm9⌬ mutants and those upregulated in cells deleted for telomerase (26) (Fig. 1A) . Many of the genes that have been shown to be upregulated as cells undergo telomere crisis are core environmental stress response genes (9) , and this is also true of those upregulated in response to loss of the HIRA complex (P Ͻ 2 ϫ 10 Ϫ22 ). These findings prompted us to examine whether or not the HIRA complex influences telomere length regulation, particularly as clr6-1 mutants are known to have elongated telomeres (17) . However, Southern blotting revealed that loss of the HIRA complex did not result in increased telomere length; indeed, hip1⌬ and slm9⌬ mutants had telomeres that were slightly shorter than those of wild-type cells. Furthermore, deletion of hip1 ϩ also partially reversed the elongated telomere phenotype that is associated with the clr6-1 allele (Fig. 2) .
Although loss of the HIRA complex predominantly led to increased mRNA levels, the expression levels of 38 genes were Table S1 in the supplemental material). Prominent among these genes were fio1
ϩ , and fip1 ϩ , whose expression is regulated in response to intracellular iron status by the Fep1 repressor (P Ͻ 6 ϫ 10 Ϫ5 ) (32, 33) . The expression of these genes is also downregulated in other mutants that are defective in silencing, such as clr1-5 and clr3-735, which lack the activity of the SHREC complex (17, 45) . However, this effect is thought to be indirect, as in the clr1-5 and clr3-735 mutant backgrounds, downregulation of the iron regulon is correlated with increased levels of mRNA encoding the Fep1 repressor (17) . In contrast, microarray and quantitative RT-PCR analyses indicated that mutation of hip1 ϩ or slm9 ϩ did not result in an increased abundance of fep1 ϩ mRNA (see Table S1 in the supplemental material; also unpublished data). Furthermore, loss of HIRA did not result in increased transcript levels of components of the SWI/SNF complex, which has also recently been shown to repress the iron regulon (28) or alter intracellular iron levels (see Table S1 in the supplemental material; also unpublished data). Thus, it is possible that regulation of the iron regulon may be direct and some genes may require the HIRA complex for full expression.
HIRA represses transcription of all 13 Tf2 LTR retrotransposons. Previous analysis has implicated the HIRA complex in the silencing of Tf2 LTR retrotransposons (16) , and as outlined above, the microarray analysis confirmed that the levels of Tf2 mRNA were highly increased in the hip1⌬ and slm9⌬ backgrounds. The fission yeast laboratory strain (972) contains 13 full-length copies of this element (Tf2-1 to Tf2-13), and probes for nine of these elements were present on the microarray. However these elements are highly homogeneous having a pairwise identity of greater than 99% (5) and cross-hybridization between the Tf2 probes is expected. Therefore, it was not possible to determine whether the global increase in Tf2 mRNA resulted from derepression of a single element, a subset of elements, or all of the 13 Tf2 elements.
In order to address this issue, a series of 13 strains was constructed, each containing an integrated lacZ reporter gene under the control of a specific Tf2 element (Fig. 3A) . ␤-Galactosidase assays of the resulting reporter strains indicated that all 13 elements are expressed at similar low levels, which is consistent with these elements being silenced (Fig. 3B) . To determine the effect of HIRA on the expression of individual Tf2 elements, the lacZ reporter strains were then crossed into a hip1⌬ background. Expression levels of all 13 Tf2-lacZ reporters were found to be increased in the absence of Hip1, indicating that the HIRA complex represses the expression of all of the Tf2 elements (Fig. 3C) . Notably, the level of derepression of the Tf2-11 reporter was reproducibly lower than that of the other reporters. The Tf2-11 element has a 5Ј LTR which is a hybrid of a Tf2 element and a Tf1 element, a related retrotransposon that is now extinct in the 972 genome (5). As a result, Tf2-11, unlike the other elements, is not induced in response to limitation of oxygen by the SREBP homologue Sre1 (39) . Nonetheless, our results indicate that Tf2-11 is subject to HIRA-mediated repression.
We next determined whether HIRA-dependent repression is maintained when the Tf2 element is moved to a new region of the genome that does not naturally contain a retrotransposon. Therefore, we integrated a Tf2-lacZ reporter into a large intergenic region of chromosome II in between a tRNA gene (SPBTRNAPRO.05) and SPBC3H7.03c (Fig. 3D) . This region was chosen as there is no evidence to suggest that HIRA complexes regulate the expression of RNA polymerase IIItranscribed genes and our microarray experiments indicated that HIRA does not affect the expression of SPBC3H7.03c (see Table S1 in the supplemental material). ␤-Galactosidase assays revealed that the level of expression of this reporter was low in wild-type cells and was dramatically increased in a hip1⌬ background, indicating that HIRA-dependent silencing is retained at a novel site in the genome. In addition to the 5Ј LTR, the Tf2 reporter also contains the 5Ј untranslated region and DNA encoding the first 333 bp of the Tf2 gag gene. In order to determine whether these sequences were important for HIRAmediated repression, a reporter in which the lacZ gene is solely controlled by the 5Ј LTR from the Tf2-1 element was constructed. Following integration into the ectopic locus on chromosome II, we again found that the level of expression of this reporter was low in wild-type cells and was dramatically increased in a hip1⌬ background (Fig. 3D) . This indicates that a Tf2 LTR element alone is a functional promoter that is repressed by the HIRA complex.
This finding is important because, in addition to the 13 full-length elements, the genome contains an extensive, but heterogeneous, population of (ϳ250) solo LTR elements that have arisen through LTR-LTR recombination and so mark the position of previous retrotransposon insertion events (5) . In order to determine whether or not the HIRA complex is required to silence naturally occurring solo LTRs, expression from a selection of 11 of these elements from all three chromosomes was analyzed using quantitative RT-PCR. Using this approach, we were unable to detect expression from four LTRs either in wild-type or in mutant backgrounds. However, noncoding transcripts were detected for seven elements, and in all these cases, transcript levels were substantially increased in the absence of the HIRA complex (Fig. 4) . Importantly, we found examples of both Tf2-and Tf1-type LTRs that were regulated in this way. This suggests that the S. pombe HIRA complex plays a widespread role in the suppression of cryptic transcripts from solo LTRs. HIRA represses spurious antisense transcription. As the HIRA complex functions to limit spurious transcripts from solo LTR elements, we investigated whether it is also required to suppress other illegitimate transcripts. Recent data indicate that mutations that impair the integrity of chromatin result in the accumulation of antisense transcripts from cryptic promoters in coding regions (30) . We therefore used strand-specific RT-PCR to examine several loci where defects in chromatin are known to result in increased levels of antisense transcripts. Consistent with previous findings (30), antisense transcripts originating at the zer1 ϩ locus were not detectable in wild-type cells, but in contrast, mutation in any one of the genes encoding subunits of the HIRA complex (hip1 ϩ , slm9 ϩ , or hip3 ϩ ) resulted in a large increase in the levels of these antisense transcripts (Fig. 5A) . Furthermore, deletion of the HIRA complex had a similar effect on antisense transcripts from hrp1 and sfc3 loci (Fig. 5A) . Thus, in addition to suppressing transcripts from numerous gene promoters and LTRs, the HIRA complex is required to suppress spurious antisense transcripts from the coding regions of RNA polymerase II-transcribed genes.
The HDAC Clr6 also plays a key role in the suppression of antisense transcripts (30) . Clr6 is present in at least two distinct HDAC-Sin3 corepressor complexes (complexes I and II). While complex I predominantly represses transcription from gene promoters, complex II appears to be the functional equivalent of the S. cerevisiae Rpd3S complex and targets transcribed regions (30) . We therefore investigated the genetic relationship between the HIRA complex and Clr6 with respect to antisense transcription. Introduction of the clr6-1 allele into the hip1⌬ background did not result in further increase in antisense transcript levels at the hrp1 and zer1 loci (Fig. 5B) , suggesting that the HIRA complex and Clr6 complex II function in the same pathway to suppress antisense transcription.
The nuclear exosome recognizes and degrades spurious antisense transcripts, preventing their accumulation (30) . Consistent with this, combining mutations in rrp6 (which encodes a 3Ј exonuclease) (18) (30) . On the basis of this finding, we predicted that there would also be a genetic interaction between the nuclear exosome and HIRA. Indeed, we consistently failed to recover a viable double mutant from genetic crosses of hip1⌬ and rrp6⌬ strains. The same was also true for crosses of hip3⌬ and rrp6⌬ cells. Microscopic examination revealed that double mutant strains were able to germinate but failed to progress past six or seven cell divisions (Fig. 5C ). Thus, the nuclear exosome is essential in the absence of the HIRA complex, suggesting that this histone chaperone plays a major role in the suppression of spurious antisense transcripts. Sense transcription is required for antisense transcription. Accumulating evidence indicates that passage of RNA polymerase II can disrupt chromatin (48) , suggesting that it is transcription in the sense direction that allows access to cryptic promoters. As such, sense transcription may be a prerequisite for antisense transcription. In order to examine the interdependence of sense and antisense transcriptions, we examined the thi4 ϩ gene, whose expression is regulated in response to the availability of thiamine, being very highly expressed in its absence and repressed in its presence (50) . Strand-specific RT-PCR analysis confirmed that in wild-type cells, the production of sense transcripts was reduced by the addition of thiamine to the medium (Fig. 6) . Further analysis revealed that in the absence of thiamine (when high levels of sense transcription were occurring), thi4 antisense transcripts were clearly detectable. However, the addition of thiamine and the inhibition of sense transcription resulted in a concomitant suppression of antisense transcripts (Fig. 6) . Thus, in wild-type cells, the levels of sense and antisense transcripts are correlated and the production of thi4 antisense transcripts is dependent upon high levels of transcription in the sense direction. Notably, the addition of thiamine to the medium also inhibited sense transcription in hip1⌬ cells, but the level of antisense transcripts was not reduced by this treatment (Fig. 6) . Furthermore, in a HIRA mutant background, antisense transcripts were detectable even when cells were cultured under conditions of constant thi4 ϩ repression (Fig.   6C ). Thus, in the absence of the HIRA histone chaperone, access to cryptic promoters is maintained even when sense transcription is inhibited. HIRA is required for resistance to DNA damage. It has been proposed that increased levels of cryptic antisense transcripts are indicative of an open chromatin conformation (30) . Consistent with this hypothesis, the genomes of clr6-1 mutants show an increased sensitivity to DNA-damaging agents (30) . We therefore investigated the sensitivity of cells lacking the HIRA complex to a range of genotoxic agents, such as the alkylating agent methyl methanesulfonate, the radiomimetic zeocin, the topoisomerase I poison camptothecin, and hydroxyurea, which inhibits ribonucleotide reductase and causes replication fork stalling. Serial dilution assays revealed that mutation in any one of the genes encoding components of the HIRA complex (hip1⌬, slm9⌬, or hip3⌬) results in a marked increase in sensitivity to methyl methanesulfonate, zeocin, and camptothecin (Fig. 7A) . In contrast, HIRA mutants exhibited only a very subtle increase in sensitivity to hydroxyurea. Thus, the HIRA complex is important for protection against agents that cause DNA double-strand breaks but not against a replication stress.
In order to determine whether HIRA mutants have increased susceptibility to chromosomal breakage, cells were first exposed to bleomycin and then chromosome integrity was analyzed using PFGE (Fig. 7B) . As previously reported (30), the clr6-1 mutant exhibited enhanced levels of bleomycin-induced chromosome breakage as evidenced by the appearance of DNA fragments and the loss of intact chromosomes. Furthermore, the chromosomes of hip1⌬ cells were also more susceptible to breakage than those of wild-type cells. This finding suggests that HIRAmediated nucleosome assembly is required to maintain the global protective functions of chromatin. Interestingly, analysis of a clr6-1 hip1⌬ double mutant indicated that this strain was more sensitive to genotoxic agents than either of the parental strains (Fig. 7C) , indicating that the HIRA complex and Clr6 do not have identical roles in the response to DNA double-strand breaks. 
DISCUSSION
Previous evidence has demonstrated that the HIRA histone chaperone is required for transcriptional silencing at heterochromatic loci (16) . Here, we demonstrate that its function is not limited to heterochromatin, because HIRA represses transcripts from numerous promoters distributed throughout the genome, including subtelomeric genes, LTR retrotransposons, and their remnants, and it also limits the levels of cryptic antisense transcripts. Furthermore, loss of HIRA leads to increased access of genotoxic agents to the genome, indicating that HIRA is required for maintenance of the protective functions of chromatin.
Our data revealed a functional overlap between the HIRA complex and the class I HDAC Clr6 with respect to both promoter silencing and prevention of cryptic transcription. The simplest explanation of this finding is that HIRA is required to reassemble or repair nucleosomes that are subsequently modified by Clr6-Sin3 complexes. Interestingly, class I HDACs have been linked to HIRA function in vertebrate cells, as HDAC-2 stably interacts with chicken HIRA through an LXXLL motif located in the HIRA C-terminal region (1). However, neither Hip1 nor Slm9 has LXXLL motifs, and there is no evidence of a stable interaction between the fission yeast HIRA complex and Clr6. Indeed, large-scale affinity purification of Clr6-interacting subunits did not identify any of the components of the HIRA complex (30) . Furthermore, a large-scale purification of Prw1, a homologue of RbAp48 that is present in all fission yeast Clr6-Sin3 complexes, also did not identify any subunits of the HIRA complex (unpublished data).
Analysis of the expression of individual Tf2 elements indicated that the high levels of Tf2 mRNA present in hip1⌬ and slm9⌬ cells result from increased expression levels of all 13 copies of this element. It is possible that Tf2 elements are located within regions of the genome that are associated with HIRA-dependent forms of chromatin. Arguing against this, HIRA-dependent repression of a Tf2 reporter was also maintained when it was moved to a novel site in the genome, suggesting that these elements contain sequences that limit their own expression.
Packaging of retrotransposons into repressive chromatin structures is known to occur in many cells types and is thought to limit the potentially harmful spread of these elements (25) . The chromatin structures that suppress the expression of Tf2 retrotransposons appear to be dependent upon the HIRA complex. It is possible that the interaction of HIRA with these elements is transient because, as yet, we have been unable to detect binding of HIRA to Tf2 LTRs by chromatin immunoprecipitation. Global silencing of Tf2 elements is also dependent upon HDACs (Clr6, Clr3, and Hst4) and Cenp-B homologues (7, 11, 17, 45) . While the influence of these factors on the expression of individual elements has not been formally investigated, chromatin immunoprecipitation analysis has indicated that Clr3 and Cenp-B proteins are located at multiple Tf2 elements (7, 45) , implying that they are required for silencing of all Tf2 elements.
The involvement of HIRA proteins in the regulation of retrotransposons is not limited to fission yeast, because Hir1 and Hir2 have been implicated in the regulation of Ty1/Copia elements in S. cerevisiae. Indeed, hir mutants were found to suppress the deleterious effects of the insertion of a Ty LTR (␦ element) into the HIS4 locus (41) . Furthermore, mutation of HIR genes in combination with CAC genes also increases Ty1 transposition frequency, although this increased transposition was not associated with increased levels of Ty1 mRNA (37) . It is important to note that the Tf2 elements of S. pombe are members of the Gypsy group of LTR retrotransposons and as such are only distantly related to the Ty1/Copia elements of S. cerevisiae (5) . The finding that HIRA complexes regulate FIG. 7 . HIRA is required for protection against genotoxic agents. (A) The indicated strains were grown to log phase in YE5S medium, subjected to fivefold serial dilutions, and spotted on YE5S agar and YE5S agar supplemented with the indicated genotoxic agent. wt, wild type; HU, hydroxyurea; MMS, methyl methanesulfonate. (B) The indicated strains were treated with bleomycin at the indicated concentrations for 90 min. Chromosomal DNA was then analyzed using PFGE. (C) The indicated strains were grown to log phase and treated as described for panel A.
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The substantial population of solo LTR elements present in the S. pombe genome have been generated by recombination between two LTRs resulting in the removal of the internal retrotransposon coding sequences. Thus, solo LTRs are the remnants of retrotransposons and mark the positions of previous insertion events. Our data, along with those of others (7, 30, 45) , are consistent with these elements being assembled into silent chromatin in order to limit the production of spurious noncoding transcripts. While in many cases expression from solo LTRs would not be advantageous, there are an increasing number of examples of cells exploiting retrotransposable elements to regulate gene expression (14) . Indeed, in S. pombe a set of solo LTRs that are closely related to the LTRs associated with full-length Tf2 elements are known to function as oxygen-responsive promoters (39) . Some of these confer oxygen-dependent expression to neighboring genes. Our data indicate that HIRA-dependent repression is not restricted to elements that are induced in response to low oxygen levels, as all but one of the solo LTR elements examined in this work lack a consensus SRE element and we also identified Tf1-type LTR elements that were repressed by Hip1 and Slm9.
The finding that HIRA mutants have high levels of spurious antisense transcription is consistent with this histone chaperone being required to maintain the integrity of chromatin in transcribed regions. Furthermore, mutation of hip1 being synthetic lethal with rrp6⌬ is consistent with HIRA having a major role in prevention of such antisense transcription in fission yeast. This result would not necessarily have been predicted from studies of S. cerevisiae where mutation of HIR genes did not result in high levels of internal initiation at the synthetic FLO8-HIS3 reporter gene, although it did increase the level of spurious sense transcripts observed in a spt2⌬ background (31) . Nonetheless, our analysis is the first report that HIRA proteins are required to prevent cryptic antisense transcripts at naturally occurring genes.
Passage of RNA polymerase II through chromatin has been proposed to result in partial or complete disassembly of nucleosomes (48) . That antisense transcription (and by implication access to cryptic promoters) at the thi4 ϩ gene is dependent upon high levels of sense transcription is entirely consistent with this notion. Notably, loss of the HIRA complex apparently leads to continued access to these promoters even in the absence of high levels of sense transcription. We propose that the HIRA complex restores chromatin structure in the wake of RNA polymerase II passage. Consistent with this idea, Hir1 and Hir2 have been shown to localize to transcribed regions in S. cerevisiae (31) . In higher cells, HIRA is linked to deposition of variant histone H3.3 at actively transcribed genes (3), and so it will be interesting to determine whether this contributes to the prevention of spurious transcription initiation.
We also show that the HIRA complex plays an important role in protecting cells against double-strand breaks. The loss of HIRA led to an increased susceptibility to bleomycin-induced chromosomal breaks, suggesting that HIRA is required to maintain the protective functions of chromatin. This may not be the only role for HIRA in the response to DNA damage, as other histone chaperones, such as S. cerevisiae Asf1, have been shown to be required for restoration of chromatin structures following DNA repair (8) . Thus, it will be important to determine whether or not HIRA is also required for removal or replacement of nucleosomes during repair of doublestrand breaks.
